Modeling the electronic structures of the ground and excited states of the ytterbium atom and the ytterbium dimer: A modern quantum chemistry perspective. 
INTRODUCTION
The divalent ytterbium atom has in recent years garnered significant attention thanks to its many uses in cold atom physics. It has a non-magnetic Yb 2 has been determined through clock spectroscopy of Bose-Einstein condensates trapped in 3D optical lattices 19, 20 . Based on these measurements the positions of near-threshold molecular clock states could be de- . Open-shell molecules involving Yb, like RbYb or LiYb can be used in searches for the electric dipole moment of the electron (eEDM) 28 
.
Thanks to its simple structure, the ground state Yb dimer is an excellent testing ground for the search for new short scale gravitylike forces 29 , temporal variations of the proton-toelectron mass ratio 30 , or beyond-Born-Oppenheimer effects 13 . An "optical molecular clock" Despite these advancements, our knowledge of the ground and excited state electronic structures of the Yb 2 dimer and the resulting interaction potentials remain scarce. The detailed knowledge of molecular potential energy curves would be the first step towards the production of deeply bound ultracold molecules via stimulated Raman adiabatic passage (StiRAP) 31 . Unfortunately, the reliable quantum chemical modeling of the Yb 2 dimer is not straightforward and poses a remarkable challenge for present-day quantum chemistry to provide accurate interaction potentials for both the ground and excited states. The large number of correlated electrons combined with a sizable all-electron basis set makes the theoretical modeling of Yb 2 computationally very demanding. Moreover, the Yb atom (Z --70) falls into the class of heavy elements and thus requires a relativistic description of the electronic motion. While for a qualitative study it is sufficient to account for scalar relativistic effects only, spin-orbit coupling has to be included in calculations for a quantitative analysis as well as for electron excitation energies. The rather complex interplay between electron correlation and relativistic effects To date, the spin-free coupled cluster ground state interaction potential was investigated by Buchachenko et al.
33
, while reliable van der Waals C 6 coefficients for ground and selected excited states were calculated by Safronova et al. 34 and Porsev et al.
35
, respectively. The very first attempt to understand and model the low-lying part of the electronic spectrum of Yb 2 has been already performed in 1998 by Wang and Dolg
36
. In their multi-reference configuration interaction study, they considered potential energy curves resulting from electron excitations from the occupied σ u and σ g to the virtual π u , π g , σ g , and σ u molecular orbitals.
Taking into account recent advances in method development for ground and excited states, higher-quality basis sets, and the increase in computation power, it is now possible to deepen our knowledge on the ground and electronic excited states of Yb 2 and provide more reliable benchmark data for potential energy curves (both ground and excited states) that can be exploited in future experimental manipulations of Yb 2 . The main goal of our work is, thus, to provide a reliable description of the ground and electronic excited states potential energy surfaces of the Yb 2 dimer using modern wave function-based quantum chemistry methods.
METHODOLOGY

Basis sets and scalar relativity
In all our calculations, we used the all-electron atomic natural orbital relativistic correlation consistent (ANO-RCC) basis sets available in the OpenMolcas program package , optimized specifically for the 2-nd order Douglas-Kroll-Hess (DKH) Hamiltonian
37
. We employed the triple-ζ (TZ), quadruple-ζ (QZ), and "large" quality basis sets with the following contraction schemes: 25s22p15d11f 4g2h → 8s7p4d3f 2g, 25s22p15d11f 4g2h → 9s8p5d4f 3g, 25s22p15d11f 4g2h → 11s10p8d7f 4g, respectively. The most accurate calculations for the ground state included a fully uncontracted ANO-RCC basis set and the 5-th order DKH Hamiltonian. We should note that the quality of the calculated potential energy surfaces is not affected by the order of the DKH transformation. Thus, for all other electronic structure methods, scalar relativistic effects were accounted for by the second order Douglas-KrollHess Hamiltonian (DKH2) 38, 39 .
pCCD-based methods
All pair Coupled Cluster Doubles (pCCD) 40, 41 calculations, also known as the Antisymmetric Product of 1-reference orbital Geminal (AP1roG), were performed using our locally developed PIERNIK 42 software package. The pCCD ansatz can be written as
where a † p and a p (a † p and ap) are the electron creation and annihilation operators for α (β) electrons and |0 is some independent-particle wave function (for instance, the Hartree-Fock (HF) determinant). In eq. (1), {t
is the electron-pair excitation operator that excites an electron pair from an occupied orbital (iī) to a virtual orbital (aā) with respect to |0 . In all pCCD and post-pCCD calculations, we used different sets of orbitals: canonical Hartree-Fock orbitals and variationally optimized pCCD orbitals (denoted as voo-pCCD) [43] [44] [45] . Furthermore, voo-pCCD calculations were constraint to the D 2h and C 2v point group symmetry, respectively. The missing dynamical energy correction on top of pCCD/voo-pCCD was included via a linearized coupled cluster correction 46 , denoted as pCCD-LCCSD.
Moreover, three variants of the equation of motion (EOM) coupled cluster model to target excited states within the pCCD formalism were investigated. First, the EOM formalism was directly applied on top of the pCCD reference. Single excitations were included a posteriori in the EOM ansatz, that is, the linear excitation operator of the EOM formalism is limited to pair and single excitations. This approach is denoted as EOM-pCCD+S 47, 48 . The second model includes single excitations also in the coupled cluster reference function. These single excitations are included on top of the pCCD reference function. This method is labeled as pCCD-CCS, while the excited state extension is abbreviated as EOM-pCCD-CCS. Finally, in the most accurate EOM variant, the pCCD reference was replaced by the pCCD-LCCSD function, resulting in the EOM-pCCD-LCCSD approach 49, 50 .
EOM-CCSD/CCSD(T)
All CCSD(T) 51 and EOM-CCSD 52 calculations were carried out in the Molpro2012 software package [53] [54] [55] [56] using D 2h point group symmetry.
CASSCF/SO-CASPT2
The Complete Active Space Self Consistent Field (CASSCF) 57, 58 calculations and Complete Active Space Second-order Perturbation Theory (CASPT2) [59] [60] [61] calculations were performed in the D 2h point group symmetry using the OpenMolcas (version 17.0) software package [62] [63] [64] [65] .
The CASSCF wave functions were used to calculate multistate CASPT2 energy corrections, where the ionization potential-electron affinity (IPEA) shifted H 0 Hamiltonian calculations which comprised occupied σ u (Yb 6 s) and σ g (Yb 6 s) orbitals as well as virtual σ g (Yb 6 p z ), σ u (Yb 6 p z ), π u (Yb 6 p x /p y ), and π g (Yb 6 p x /p y ) molecular orbitals.
Fitting procedure
All potential energy curves were obtained from a polynomial fit of 8-th order. The corresponding spectroscopic constants (equilibrium bond length (r e ) and harmonic vibrational frequency (ω e )) were calculated based on those fitted potential energy curves. Specifically, the harmonic vibrational frequencies (ω e ) were determined numerically using the five-point finite difference stencil 71 and the average mass of ytterbium, that is, 173.045.
72
The potential energy depth (D e ) was evaluated as the difference between the atomic limit and the minimum energy of a given potential energy curve. Note that in pCCD-based calculations employing D 2h point group symmetry the dissociation energies were estimated by adding the corresponding atomic excitation energies to the dissociation limit of the dimer calculation.
This step had to be performed due to size-consistency problems in the pCCD reference function. If the orbitals are allowed to relax freely, the size-consistency error is eliminated and the dissociation limits of the dimer calculation numerically agree with the atomic ground and excited state energies.
RESULTS and DISCUSSION
The electronic structure of the ytterbium atom
Ytterbium is a closed-shell atom described by the ground-state 1 S 0 term. Its valence electronic configuration is characterized by the fully occupied 4 f and 6 s subshells and the lowlying unoccupied 5 p, 5 d, and 7 s subshells. Despite its closed-shell electronic nature, the ytterbium atom has a rather complex electronic structure, which manifests itself in closelying potential energy levels 72, 73 . Specifically, in the range of 17 000 to 50 000 cm −1 , there is a large number of quasi-degenerate states that are characterized by electron transfer not only from the occupied 6 s to the unoccupied 5 p, 5 d, 7 s, and 8 s orbitals, but also from the occupied 4 f (7-fold) semi-core orbitals. This peculiar electronic structure leads to a large number of low-lying excited states and a very dense electronic spectrum, for some of which atomic term symbols are difficult to assign 72, 73 .
In this work, we focus on the low-lying energy levels of the Yb atom arising from the ). The energy of the CASPT2 electronic spectra match very well the experimental energy levels mentioned in Table 1 . The overall deviations do not exceed 300 and 100 cm In both active space calculations, dynamic energy corrections seem to be important and amount to 500-2 000 cm
for a given energy level. Finally, we should note that the quality of excitation energies in the Yb atom seems to be rather insensitive to the basis set quality. Only minor changes in the order of states are observed and amount to a few hundreds of cm −1
(cf. It is well-known that such weakly-bonded compounds tend to be extremely sensitive to the quality of the atomic basis set and the (approximate) dynamic en- ) equals zero for all theoretical models and experiment.
ergy correction.
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Thus, we first scrutinize the ground state potential energy surface obtained from the CCSD(T) approach before benchmarking various electron correlation methods for both ground and excited states.
Reference ground-state potential energy curve Table 4 summarizes the influence of the number of correlated electrons on the quality of the CCSD and CCSD(T) potential energy surfaces, respectively, including their spectroscopic constants (optimal bond lengths (r e ), harmonic vibrational frequencies (ω e ), and potential energy depths (D e )). To minimize the basis set superposition error 79 we employed the all-electron uncontracted ANO-RCC basis set. Our calculations suggest that it is necessary to correlate all occupied orbitals starting from the fourth atomic shell of the Yb atom (see , who employed a smaller basis set and different approaches to electron correlation and relativistic effects.
Assessing the accuracy of conventional and unconventional quantum chemistry approaches in modeling the ground state potential energy surface
The CCSD potential energy curve can be used as a reference to evaluate the reliability of simplified coupled cluster methods that include at most double excitations. Table 4 : CCSD and CCSD(T) spectroscopic constants for the Yb 2 X 1 Σ + g state using uncontracted ANO-RCC basis set and a varying number of active (occupied) orbitals and thus correlated electrons. N corr denotes the number of correlated electrons, r e the equilibrium bond length, ω e the vibrational frequency, and D e the potential depth, respectively. The occupied orbitals not included in the set of correlated orbitals (second column) were kept frozen during CCSD(T) calculations. All virtual orbitals were correlated. D 2h point group symmetry). The best agreement of all pCCD-based methods with CCSD (as well as with CCSD(T) reference) data is obtained when the point group symmetry is lowered and the orbitals are thus allowed to (partially) localize in the dimer calculation. Note that orbital optimization in pCCD typically involves localization. 
Yb 2 excited-state properties
Examination of the electronic structure of the Yb atom points to the importance of the 4f , 6s, 6p, and 5d atomic orbitals in the electronic spectrum of Yb 2 . Including all these orbitals in active space calculations is prohibitive and some compromise has to be made. A reasonable choice would be to correlate only the 6s, 6p, and 5d atomic orbitals in molecular Yb 2 calculations, that is, performing CAS(4,18)SCF calculations. Unfortunately, such an active space is not stable along the potential energy surface, where smooth potential energy curves for all excited states of interest cannot be optimized due to technical difficulties. As a consequence, we had to reduce the number of active orbitals and neglected the contributions from 5d orbitals by moving them outside the CAS space (into the external space). This results in our CAS (4, 8) SCF model that is further used as reference for all Yb 2 excited states potential energy curves. We should stress that the same active space was used in previous ECP/MRCI calculations 36 
.
Reference spin-free electronic spectrum Table 6 collects all spin-free spectroscopic constants obtained from CAS(4,8)PT2 using different sizes for the atomic basis set. Similar to the ground state calculations, the CAS(4,8)PT2 spectroscopic constants converge very slowly with basis set size. In general, incrementing the basis set size shortens bond lengths, marginally increases vibrational frequencies, deepens potential energy depths, and lowers the adiabatic excitation energies. The CAS (4,8)PT2 results obtained using the TZ-ANO-RCC basis set qualitatively match the ECP/MRCI 36 spectroscopic constants (cf. Table 6 ). The largest discrepancies are observed for the higher- Thus, we believe that our CAS (4, 8) PT2 results can be considered as new reference data for the excited potential energy curves of the Yb 2 dimer. We further hope that future experiments on laser induced fluorescence will help to resolve this ambiguity.
Singlet excitation energies from EOM-based methods
Having generated reference excited-state potential energy curves, we can now assess the accuracy of (simplified) EOM-based methods for singlet excitation energies. ).
Reference spin-orbit electronic spectrum
The reference spin-orbit Yb 2 excited-state potential energy surfaces are presented in Figure 2 .
If spin-orbit coupling is accounted for, the minima of each excited potential energy curve are shifted towards shorter inter-atomic distances. Furthermore, the whole spectrum is rather dense, especially all states approaching the atomic limits Tables 8-11 states are grouped into four blocks according to their atomic dissociation limit, Table 8 for the The whole spectrum is divided into contributions from Σ, Π u , and Π g states (from left to right). 
CONCLUSIONS AND OUTLOOK
In this work, we have investigated the electronic structure of atomic and molecular ytterbium using modern, state-of-the-art quantum chemistry methods. Our numerical analysis suggests that SO-CASPT2 with inclusion of the 5d orbitals into the active space can accurately reproduce the experimental energy levels of Yb. and can be considered as the limit of present-day quantum chemistry calculations. The CCSD potential energy curve, which results in an elongated bond length and underestimated potential energy depth compared to CCSD(T), can be reliably approximated using the pCCD-LCSSD and CAS(4,8)PT2 approaches. as they include an all-electron basis set and a more rigorous treatment of scalar relativistic and electron correlation effects within the CASPT2 approach. Moreover, we investigate the convergence of the spectroscopic parameters (optimal bond lengths, vibrational frequencies, potential energy depths, and adiabatic excitation energies) with respect to the size of the basis set, which highlights the need for large basis set when modeling excited state potential energy curves in Yb 2 . We would like to stress that new quantum chemistry methods are desirable that can be used to reliably model the complete set of excited state potential energy curves in challenging molecules like the Yb 2 dimer. or calculating the sensitivity of deeply bound molecular clock states to the variation of the proton-to-electron mass ratio 21, 30 . Finally, these potential curves provide a valuable starting point for laser-induced fluorescence
